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AMPA receptor diversity
Glutamate, the major excitatory transmitter in the central nervous system, exerts its function via activation of different receptor subclasses: AMPA, NMDA, kainate, and metabotropic receptors. Of these, AMPA receptors mediate most of the fast excitatory transmission in the vertebrate central nervous system and exist in tetramers comprising combinations of two different types of the four subunits GluA1-GluA4 [1, 2] . The subunit composition of AMPA receptors determines their function [3] . For example, AMPA receptor kinetics including deactivation, desensitization and recovery from desensitization are dependent on subunit composition [4] [5] [6] [7] [8] .
In addition, GluA2-containing AMPA receptors are Ca 2 + -impermeable, have a low single-channel conductance, and a linear current-voltage relationship in contrast to GluA2-lacking AMPA receptors, which are Ca 2 + -permeable and show an inward rectifying current-voltage relationship [3, [9] [10] [11] . The specific properties of the GluA2 subunit result from messenger RNA A-to-I editing at a CAG codon. Virtually 100 % of the GluA2 messenger RNA carries the edited CIG, which codes for an arginine instead of the CAG in the unedited messenger RNA that codes for glutamine in GluA1, GluA3, and GluA4 [12] . Finally, alternative splicing of a 38 residues exonic sequence results in two different forms of AMPA receptor subunits, i.e., the flip and flop forms. AMPA receptors that contain flip and flop subunits differ in their current kinetics. For example, AMPA receptors comprising only flip forms display in general a slower desensitization than flopcontaining AMPA receptors. The AMPA receptor subunits and flip and flop forms exhibit different regional and developmental expression profiles with the flip forms being present already early during development and the flop forms being upregulated postnatally [8, 13] .
AMPA receptor auxiliary subunits
The physiological properties, transport to the cell membrane and subcellular localization of AMPA receptors depend not only upon their subunit composition, but also on their interaction with auxiliary subunits such as transmembrane AMPA receptor regulatory proteins (TARPs) [14, 15] . The functional importance of these proteins became evident when the phenotype of the "stargazer" mouse (which suffers from epileptic seizures, dyskinesia, and ataxia) was traced to a mutation in the stargazing gene, which encodes for a protein that is expressed highly in the cerebellum. Its deletion impairs AMPA receptor trafficking to the synapse such that stargazer mice lack transmission at the mossy fiber to granule cell synapse [16, 17] . In fact, stargazin was the first member of a family of proteins, i.e., TARPs that all interact with AMPA receptors and influence their membrane trafficking and gating. The TARP family comprises 6 members, namely TARP γ-2 (aka stargazin), γ-3, γ-4, γ-5, γ-7, and γ-8.
Using proteomic approaches, we and others have identified over 30 novel proteins that interact with AMPA receptors [18] [19] [20] [21] [22] . Some of these proteins have been investigated in detail and are AMPA receptor auxiliary subunits. The properties of an AMPAR auxiliary subunit were recently defined, and the following four criteria are mandatory: an auxiliary subunit must be (1) a non-pore-forming protein, (2) a direct and stable interacting partner of receptors, (3) able to modulate receptor properties and/or trafficking in heterologous cells, and (4) necessary for normal receptor functionality in vivo [23] . So far, only TARPs, cornichon 2 and 3 as well as CKAMP44 satisfy all of these criteria and can therefore be considered bona fide auxiliary subunits of AMPA receptors in the rodent brain. GSG1L is another AMPA receptor interacting protein that is highly likely to be an auxiliary subunit. However, at the moment, the function of GS-G1L has not been investigated in the brain, but only in cultured neurons and in heterologous cells. Finally, synapse differentiation induced gene I (SynDIG1) was identified as another AMPA receptor interacting protein. Overexpression and knockdown of SynDIG1 led to an increase and decrease, respectively, of the AMPA receptor number on cultured neurons [24] , suggesting that this accessory protein might also serve as an auxiliary subunit. However, later work showed that SynDIG1 does not modulate AMPA receptor gating and that manipulation of SynDIG1 expression also alters the expression of NMDA receptors [25] , indicating that SynDIG1 influences glutamate receptor number in general by increasing the number of synapses by an yet unknown mechanism. The high expression of SynDIG1 during development would be consistent with the idea that this protein plays a role for synaptogenesis.
Of note, regulation of AMPA receptor expression and function via the interaction with auxiliary subunits is not unique to this ligand-gated channel. Auxiliary subunits that serve similar functions have also been identified for several other ligand-gated ionotropic and metabotropic receptors. Thus, Neto1 and 2 bind to and modulate kainate receptors. Neto1 has also been shown to interact with NMDA receptors in heterologous cells [26] [27] [28] [29] [30] [31] . However, it remains to be shown whether Neto1 is a bona fide auxiliary subunit for NMDA receptors in neurons. Potassium channel tetramerization domain-containing (KCTD) proteins 8, 12, 12b, and 16 are a group of auxiliary subunits that interact with GABA(B) receptors and modulate their function [32, 33] . Moreover, auxiliary subunits of ligand-gated channels have also been identified in invertebrates such as Drosophila melanogaster and Caenorhabditis elegans. For example, function and expression of glutamate receptors in C. elegans depends on the interaction with stargazin-like protein 1 and 2 (STG-1 and -2), cornichon 1 (Cni-1), suppressor of lurcher 1 and 2 (SOL-1 and -2) [34] [35] [36] [37] [38] [39] [40] . MOLO-1 is an auxiliary subunit that modulates gating of levamisole-sensitive acetylcholine receptors in C. elegans [41] . Finally, auxiliary subunits were found not only for ligand-gated but also for voltage-gated channels. In fact, auxiliary subunits are essential regulators of voltage-gated calcium, sodium, and potassium channels [42] (. Fig. 1 ).
TARPs
TARPs are four-pass transmembrane proteins with homology to the voltage-gated calcium channel γ-1. In fact, the gene names of TARPs reflect the initial considerations according to which they were thought to be calcium channels: Cacng = calcium channel, voltage-dependent, gamma subunit. TARPs contain an intracellular C-and N-terminus and a PDZdomain binding motif at the C-terminus. They can be subclassified into two subgroups based on sequence and functional similarities: Type 1 TARPs comprising TARP γ-2, γ-3, γ-4, and γ-8 and type 2 TARPs comprising TARP γ-5 and γ-7 [14, [43] [44] [45] [46] [47] . Biochemical and functional data showed that up to four TARPs can bind to each AMPA receptor tetramer. Moreover, the influence of TARPs on AMPA receptor gating increases with the number of TARP molecules that bind to the receptor. Native AMPA receptors of hippocampal and cerebellar neurons were found to bind between 1 and 4 TARPs [48, 49] . Thus, the TARP to AMPA receptor binding is not saturated.
TARPs display diverse expression profiles: TARP γ-2 is expressed highly in the cerebellum, but also to a lesser extent in cortex and hippocampus. TARP γ-3 is expressed in many forebrain regions including cortex, hippocampus, and olfactory bulb. TARP γ-4 is present ubiquitously with high expression especially in thalamus, striatum, and olfactory bulb. TARP γ-5 is expressed in olfactory bulb, cerebellum, and thalamus, whilst γ-7 exhibits ubiquitous expression without obvious regional differences. The highest expression of TARP γ-8 is found in the hippocampus (CA1, CA3, and dentate gyrus), but it is also found in cortex, striatum, and olfactory bulb [14, 50] . Cornichon 2 (CNIH-2) and cornichon 3 (CNIH-3) are three-pass transmembrane proteins that were identified in a proteomic study as AMPA receptor interacting proteins [20] . Cornichons are also present in Drosophila melanogaster where they function as cargo proteins that control the transport of proteins of the epidermal growth factor family and of transmembrane proteins from the endoplasmic reticulum (ER) to the membrane [51] [52] [53] [54] [55] . It was also hypothesized that the mammalian orthologues CNIH-2 and 3 might serve as chaperons that facilitate the ER export of AMPA receptors, thus increasing the number of receptors on the cell membrane [56, 57] . AMPA-receptor mediated currents on CA1 neurons of cornichon knockout animals resemble those in GluA1 knockout animals suggesting that these auxiliary subunits might shuffle preferentially GluA1-containing AM-PA receptors to the cell membrane [58] . However, there is mounting evidence that CNIH-2 not only promotes surface trafficking of AMPA receptors but also interacts with AMPA receptors and modulates their gating on the cell surface of different cell types [56, [59] [60] [61] .
CNIH-2 and 3 are expressed especially in the hippocampus and cortex. CNIH-2 and 3 expression changes with development. There is an increase in the expression postnatally with a peak in the first two postnatal weeks, followed by a decrease in expression thereafter. For example, CNIH-2 mRNA signal can also be detected in the granule cell layer of the cerebellum especially during the first postnatal weeks. The high expression of both proteins during development indicates that they might serve also as cargo proteins for other proteins than AMPA receptors in the immature brain [62] .
CKAMP44
To identify novel AMPAR-interacting proteins, we employed a proteomic approach that consisted of mass-spectrometry analysis of protein complexes that had been immunoprecipitated with an antiGluA1 antibody from wild type mouse brains. Several unknown AMPAR-interacting proteins were identified, of which we selected one for further analysis [22] . We named this 424 amino acid type I transmembrane protein "cystineknot AMPAR modulating protein" (CK-AMP44) based on the N-terminal extracellular cysteine-rich domain and its predicted molecular weight of 44 kDa. The cysteine-rich domain likely forms a cystine-knot, given the structure of homologous motifs in known proteins. Indeed, restricted mutations of individual cysteines suffice to disrupt the function of the protein. CKAMP44 contains an intracellular C-terminal PDZ ligand motif (EVTV), via which CKAMP44 interacts with PSD95. The deletion of these aminoacids impairs the influence of CKAMP44 on synaptic but not extrasynaptic AM-PA receptor number [63] . A short stretch of intracellular amino-acids close to the transmembrane region is responsible for the binding of CKAMP44 with AMPA receptors. The binding site at the AMPA receptor is different to that for TARPs as CKAMP44 can bind to AMPA receptors that simultaneously bind four TARP molecules. Interestingly, at least some AMPA receptors of dentate gyrus granule cells interact with CKAMP44 and TARP γ-8 in one complex [63] . CKAMP44 interacts with GluA1, GluA2, and GluA3, but not with NMDA or kainate receptors, as verified by biochemical analyzes. Moreover, it binds and modulates synaptic and extrasynaptic AMPA receptors [22] .
CKAMP44 is expressed in many brain regions, including hippocampus, cerebral cortex, striatum, thalamus, olfactory bulb, and cerebellum. The strongest expression is observed in dentate gyrus granule cells of the hippocampus.
GSG1L
Germline-specific gene 1 like protein (GS-G1L) is a novel AMPA receptor interacting protein that was identified in two independent proteomic studies [19, 21] . GS-G1L is a distant homologue of TARPs and belongs to the claudin protein family. Similar to TARPs and claudins, GSG1L is a four-pass transmembrane protein with an intracellular C-and N-terminus. The interaction of GSG1L with AMPA receptors has been shown to modulate channel gating in heterologous expression systems. Thus, co-expression of the AMPA receptor subunits GluA1 and GluA2 with GSG1 L in Xenopus laevis oocytes or HEK293 cells increases the time constants of deactivation, desensitization, and recovery from desensitization of AMPA receptormediated currents. Moreover, GSG1L increases the surface expression of GluA2 on HEK293 cells. Importantly, immunocytochemistry and immunoelectron microscopy analyses have shown that GS-G1L co-localizes with AMPA receptors and can be detected in synapses of cultured neurons [19, 21] . These experiments strongly suggest that GSG1L is influencing AMPA receptors in the brain. However, nothing is yet known about the influence of GSG1L on AMPA receptor function in the brain.
GSG1L exhibits expression mainly in the cortex and striatum [64] and (Allen Brain Atlas). Electron-microscopy analyses showed that GSG1L expresses also in the hippocampus where it co-localizes with GluA1, GluA4, and PSD95 on spines of CA3 pyramidal cells [19, 20] . Abstract AMPA receptors are ionotropic glutamate receptors that mediate the majority of fast excitatory transmission in the central nervous system. Their function depends not only on the composition of the subunits GluA1-4, but also on the interaction with auxiliary subunits. Several auxiliary subunits have been identified in proteomic analyses over the last years and we are beginning to understand the complex control of these proteins on physiological properties and membrane-transport of AMPA receptors. Auxiliary subunits such as TARPs, cornichons, and CK-AMP44 influence receptor localization on the cell membrane, modulate receptor gating, and play a role for synaptic short-term and long-term plasticity.
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Influence of auxiliary subunits on AMPA receptor gating Thorough investigation using heterologous expression systems (for example, HEK293 cells) has shown that TARPs, cornichons, CKAMP44, and GSG1L profoundly influence AMPA receptor gating properties. Interaction with these auxiliary proteins induces changes in deactivation, desensitization, recovery from desensitization, resensitization, conductance, open probability, glutamate/kainate affinity, and sensitivity to polyamine block (. Table 1 ) [14, 19-22, 57, 61, 63, 65-76] . Importantly, auxiliary subunits differ considerably in the modulation of receptor gating properties and can exert opposing influences even if they modulate another gating property in a similar direction. For example, TARPs γ-8 and CKAMP44 exert a similar influence on AMPA receptor deactivation, but an opposing influence on desensitization that is slower in granule cells of CKAMP44 knockout mice but faster in TARPs γ-8 knockout mice compared to receptor desensitization in wild type littermates (. Fig. 2 ) [63] .
Many of the effects of the interaction of AMPA receptors with auxiliary proteins observed in heterologous cell systems have been verified in acute brain slice experiments in which extrasynaptic AMPA receptor-mediated currents were investigated [14, 22, 49, 58, 59, 63, 71, 77] . Moreover, experiments with brain slices have shown that synaptic currents are altered upon deletion of auxiliary proteins. For example, TARP, cornichon, and CK-AMP44 knockout mice exhibit a reduction in excitatory postsynaptic current (EPSC) amplitude (compared to wildtype mice), which may be explained not only by a reduction in synaptic receptor number but also by a reduction in AMPA receptor conductance [58, 63, 71, [77] [78] [79] [80] [81] .
Importantly, the identification of auxiliary subunits allowed resolving the longknown conundrum regarding the functional differences between native (i.e., when examined in acute brain slices) and heterologously expressed glutamate receptors. Thus, deactivation of native AM-PA receptors is considerably slower (2-3 fold) in most neurons than deactivation of recombinant receptors expressed in Xenopus laevis oocytes or in HEK293 cells, and it is the interaction of native AMPA receptors with auxiliary subunits that is responsible for this difference [59, 63] . Similarly, the marked discrepancy between the gating kinetics of native kainate receptors and the gating kinetics of heterologously expressed kainate receptors is due to the interaction of native receptors with the auxiliary subunits Neto1 and Neto2 [31] . In fact, auxiliary subunits play most likely an even more prominent role for defining the gating kinetics of native AMPA receptor complexes than the different AMPA receptor subunits. For example, the various recombinant AMPA receptor types (flip and flop GluA1-GluA4) display deactivation time constants that differ less than a millisecond from each other [5] . In contrast, the interaction of AMPA receptors with TARPs, cornichons, or GSG1L slows deactivation several fold. For example, the deactivation time constant of GluA1/2 receptors is in the range of 1 ms, whereas that of GluA1/2/CNIH-2 receptor complexes is more than 5 ms [20] . Deactivation is the gating property that is most relevant for the decay kinetics of synaptic AMPA receptor-mediated currents. Thus, removal of glutamate from most types of synapses is presumably so fast that the decay of the synaptic current is shaped by AMPA receptor deactivation rather than desensitization. There are neurons in the brainstem with decay kinetics of synaptic currents that are less than a millisecond [82] . Such fast kinetics would be consistent with pure AMPA receptors. However, deactivation kinetics of extrasynaptic currents and decay kinetics of synaptic currents in many neuron types are considerably slower, suggesting that the kinetics of most receptors are influenced by the interaction with auxiliary subunits. Indeed, the deletion of cornichons leads to considerable speeding of synaptic currents in CA1 pyramidal cells and hilar mossy cells of the hippocampus [58, 59] . Similarly, deletion of TARP γ-4 in striatal medium spiny neurons and TARP γ-2 in cerebellar stellate cells both result in an accelerated EP-SC decay [71, 79] .
One might expect that the genetic deletion of every auxiliary subunit that slows AMPA receptor deactivation should result in faster synaptic current decay kinetics. However, decay kinetics did not change in different neurons of knockout mice of several auxiliary subunits. For example, the decay kinetics of synaptic currents of dentate gyrus granule cells were unaltered in CKAMP44 and TARP γ-8 knockout mice although the deactivation of extrasynaptic AMPA receptor-mediated currents became significantly faster [63] . This may be explained by functional redundancy, i.e., deletion of the two genes 
results in reduced number of AMPA receptors in the synapse, but the remaining synaptic AMPA receptors still bind to other auxiliary proteins that also cause slowing of the deactivation kinetics. Indeed, the EPSC decay time constant is unaltered in cerebellar Golgi cells of TARP γ-2 or TARP γ-3 knockout mice, but is reduced in TARP γ-2/3 double-knockout mice [83] .
Influence of auxiliary proteins on AMPA receptor localization
Auxiliary proteins influence AMPAR localization in a two-step process: firstly, they promote receptor trafficking to the cell surface [14, 24, 45, 61, 75, 84] , and secondly, they influence the localization of AMPA receptors on the cell surface. AM-PA receptor trafficking is a highly controlled process. After assembly from four subunits, AMPA receptors exit the ER and traffic via the Golgi network to the cell membrane. AMPA receptors must be correctly folded and assembled in order to pass the stringent quality control mechanism for exit from the ER. Moreover, posttranslational modifications such as glycosylation and phosphorylation modulate the rate of forward trafficking [85] . Several auxiliary proteins assemble with AMPA receptors already in the ER and promote their trafficking to the cell membrane. For example, cornichons cycle between Golgi and ER, where they assemble with AM-PA receptors and promote their ER exit [56] . Association of AMPA receptors with TARPs changes receptor N-glycosylation to a more mature pattern thereby facilitating ER exit [14] . In addition, it is possible that auxiliary proteins promote ER exit by masking a retention signal of the AMPA receptor. Finally, it has been hypothesized that auxiliary proteins might stabilize export-competent conformations of AMPA receptor complexes [76] . Mutations of the AMPA receptor that change agonist binding and desensitization also influence ER exit, indicating that the ER quality control machinery preferentially allows AM-PA receptors with certain conformations to exit the ER [86, 87] . Similarly, the interaction with auxiliary proteins that influence AMPA receptor gating and agonist affinity may facilitate ER exit by changing the conformation of the receptor such that it is preferred by the quality control machinery [76] . Several auxiliary proteins were shown to not only promote trafficking of AM-PA receptors but also influence their localization on the cell surface. Deletion of some auxiliary proteins affects mainly synaptic AMPA receptors (TARP γ-2 in cerebellar stellate cells), whereas deletion of other auxiliary proteins affects predominately extrasynaptic receptors (TARP γ-8 in CA1 neurons) [77, 79] . Auxiliary proteins exert their subcellular specific influence via interaction with intracellular proteins such as PSD95, a protein that is a major structural component of postsynaptic densities. For example, the interaction of TARP γ-2 with PSD95 is required for targeting AMPA receptors to cerebellar granule cell synapses [65] and explains why deletion of PSD95 reduces the number of AMPA receptors in synapses. The function of TARPs is controlled by phosphorylation of several intracellular residues [88] . Thus, the association of the positively charged TARP C-terminus with negatively charged membrane lipids is reduced when it is phosphorylated. This allows the TARPs to interact via the PDZ-domain binding motif with PSD95 resulting in trapping of TARP/receptor-complexes that diffuse into the synapse [89] . This probably explains why TARP γ-2 phosphorylation and dephosphorylation are involved in the induction of long-term potentiation (LTP) and long-term depression (LTD), respectively [15, 90] . Interestingly, the interaction of TARPs with PSD95 is important for the basal control of synaptic AM-PA receptors, but not for the induction of synaptic plasticity. Thus, deletion of the TARP γ-8 PDZ domain-binding motif disrupts the interaction with PSD95 and reduces basal transmission but does not impair induction of synaptic LTP in hippocampal CA1 neurons [91] . Recently, we showed that CKAMP44 also contains a PDZ domain-binding motif (EVTV) at its C-terminus via which it interacts with PSD95. Deletion of this motif disrupts the influence of CKAMP44 on the number of synaptic AMPA receptors but not that of extrasynaptic receptors [63] . This indicates that CKAMP44 also controls AM-PA receptor expression in two steps. In the first step, CKAMP44 increases the number of AMPA receptors on the cell surface, possibly by augmenting forward trafficking via increased export of AMPAR/CK-AMP44 complexes from the ER. In the second step, CKAMP44 increases anchor- CKAMP44 and TARP γ-8 knockout mice than in wild-type mice, indicating that both auxiliary subunits exert a similar influence on this gating property. b In contrast, desensitization is slower in CKAMP44 but faster in TARP γ-8 knockout mice compared to receptor desensitization in wild-type mice, showing that the two auxiliary subunits exert opposing influences on this property. c Both proteins promote the trafficking of AMPA receptors to the cell membrane as evidenced by the reduced current amplitude in CKAMP44 and TARP γ-8 knockout mice. AMPA receptor-mediated currents were almost absent in double-knockout mice. Extrasynaptic AMPA receptors were activated in these experiments by ultrafast application of glutamate for 1 ms (deactivation and peak amplitude) and 100 ms (desensitization) onto outside-out patches of dentate gyrus granule cells. Modified from Khodosevich et al. 2014 ing of AMPA receptors in the synapse by interaction with PSD95. Considering the dramatic effect of genetic deletion of different auxiliary subunits on the number of AMPA receptors on the cell surface, one might speculate that AMPA receptor surface trafficking and anchoring of AMPA receptors in synapses is highly inefficient without the help of AMPA receptor auxiliary proteins. Indeed, this appears to be the case in cerebellar granule cells, which lack synaptic AMPA receptors in TARP γ-2-mutant mice [16, 17] . On the other hand, deletion of several TARPs in triple-knockout mice (TARP γ-2/γ-3/γ-4, TARP γ-2/γ-3/γ-8 or TARP γ-3/γ-4/γ-8) does not lead to a complete loss of surface AMPA receptors on CA1 neurons [80] . The same holds true for AMPA receptors on granule cells of CKAMP44/TARP γ-8 double-knockout mice that display a more than 90 % reduction of extrasynaptic and approximately 70 % reduction of synaptic AMPA receptors when compared to AMPA receptors in wild type littermates (. Fig. 2 ) [63] . However, granule cells also express other TARPs that might shuffle the remaining AMPA receptors to the cell surface in those mice. Moreover, given the plethora of newly discovered interacting proteins, it is possible that other yet unknown auxiliary proteins maintain AM-PAR surface expression (. Fig. 3) .
Influence of auxiliary proteins on synaptic long-term plasticity
Learning and memory formation is thought to require long-lasting changes in synaptic efficacy. LTP and LTD of synaptic strength involves activity-dependent incorporation or removal, respectively, of AMPA receptors into or from synapses. Since auxiliary proteins influence AMPAR trafficking, it stood to reason that they are involved in LTP and LTD. Indeed, deletion of TARP γ-8 or TARP γ-2 impairs LTP and LTD in CA1 neurons and dentate gyrus granule cells [15, 63, 77] . As noted above, phosphorylation of TARPs is required for their influence on synaptic plasticity. Induction of LTP or LTD leads via NMDA receptor activation to phosphorylation of TARPs by the calcium-calmodulin kinase II (CaM-KII) and protein kinase C (PKC), or to dephosphorylation by protein phosphatase 1 (PP1) [15] . LTP is also severely impaired in CA1 neurons of CNIH-2/-3 knockout mice. The fact that CNIH-2/-3 knockout resemble GluA1 knockout mice led to the hypothesis that cornichons serve mainly as chaperons that promote trafficking of GluA1-containing AMPA receptors to the cell membrane. As a corollary, genetic deletion of cornichons would indirectly disrupt LTP as a result of insufficient AM-PA receptors on the cell membrane. However, as pointed out above, other studies showed that cornichons also interact with AMPA receptors on the cell membrane where they influence channel gating. Thus, the question remains whether, similarly to TARPs, cornichons influence LTP in CA1 neurons directly, or indirectly via increasing surface AMPA receptor number. In contrast to TARPs and cornichons, CKAMP44 seems not to be involved in synaptic plasticity. Thus, LTP of synapses on granule cells in the hippocampus is normal in CKAMP44 knockout mice (. Fig. 4)[63] .
Influence of auxiliary proteins on synaptic short-term plasticity
Short-term plasticity is a change in the synaptic strength at a short time scale. In most synapses, presynaptic mechanisms shape short-term plasticity. For example, activation of high release probability nerve terminals causes a decrease in the number of readily releasable vesicles (vesicle depletion hypothesis) such that a second activation shortly after the first results in a reduced number of released vesicles, and as a consequence also in a reduced number of activated postsynaptic receptors (paired pulse depression). On the other hand, activation of low release probability synapses is often not ensued by vesicle release. Although Ca 2 + -ions are rapidly removed from the presynap- tic terminal, Ca 2 + -concentration might still be elevated when the synapse is activated shortly after the first activation (residual Ca 2 + hypothesis). This would increase release probability of vesicles during the second stimulation and thus also the number of activated postsynaptic receptors (paired pulse facilitation). However, desensitization of postsynaptic receptors might theoretically also contribute to short-term plasticity. Prerequisite for this scenario is firstly a desensitization of AMPA receptors that is long-lasting (i.e., at least as long as the time interval between the two stimulations of the synapse), and secondly a release probability that is high enough that the release of least two vesicles occurs when the synapse is activated twice in short succession. We had hypothesized that CKAMP44 and TARP γ-8 might influence short-term plasticity in dentate gyrus granule cells, since their binding to AMPA receptors markedly influences the recovery from desensitization. Thus, genetic deletion of CKAMP44 decreases the time constant of recovery from 250 to 50 ms, whereas the deletion of TARP γ-8 increases it to 400 ms. Indeed, this also affected synaptic short-term plasticity. Deletion of CK-AMP44 and TARP γ-8 increased and decreased, respectively, the paired pulse ratio of synaptic currents in dentate gyrus granule cells. In other words, the presence of CKAMP44 and TARP γ-8 renders synapses more depressing and facilitating, respectively (. Fig. 4 ) [63] .
Auxiliary subunits influence synaptic short-term plasticity also by a second mechanism. The group of Daniel Choquet showed that AMPA receptors on the cell membrane are highly mobile and desensitized receptors can be replaced by nondesensitized receptors even if the synapse is stimulated for a second time in quick succession. This explains why cross-linking of AMPA receptors by antibodies not only increases the synaptic dwell time as a consequence of reduced lateral mobility, but also affects short-term plasticity by decreasing paired pulse ratios of synaptic currents [92] . Since TARPs anchor AMPA receptors in the synapse via the interaction with PSD95, one might surmise that they reduce paired pulse ratio of synaptic currents. However, it has recently been shown that AMPA receptors in the desensitized state rapidly loose the interaction with TARPs, possibly due to a change in conformation that underlies desensitization. The consequence of this dissociation is that desensitized synaptic AMPA receptors exhibit increased lateral mobility and are replaced by non-desensitized receptors [93] . It is not known if CKAMP44 also dissociates from AM-PA receptors upon a change in receptor conformation. If that is not the case, one can envisage a scenario in which anchoring of AMPA receptors via binding of CKAMP44 to PSD95 increases the synaptic dwell time of the receptor. CK-AMP44 would then affect synaptic shortterm plasticity not only by slowing the recovery from desensitization but also by reducing the replacement of desensitized by non-desensitized receptors.
Conclusion and outlook
In addition to different AMPA receptor subunits, neurons are endowed with an entire tool kit of proteins that interact with AMPA receptors and modulate their function and surface trafficking. By choosing from the different AMPA subunits (flip and flop GluA1-4) as well as from the different auxiliary subunits, neurons express AMPA receptor complexes that are shaped to their specific needs. Knowledge regarding the function of various AMPA receptor/auxiliary subunit combinations found in distinct neurons is an important step towards understanding/explaining the diversity of AMPA receptor-mediated current properties. Importantly, auxiliary subunits differ in their influence on AM-PA receptor-mediated currents. They slow deactivation and increase glutamate affinity and conductance to a different degree. Moreover, they can exert opposing influences, for example, on receptor desensitization, and consequently also on synaptic short-term plasticity. In addition, auxiliary subunits differ with respect to their influence on forward trafficking and subcellular localization of AMPA receptors. TARPs and cornichons, but not CK-AMP44 are required for activity-dependent regulation of synaptic AMPA receptor number during LTP and LTD.
Much is known already about the function of TARPs. In contrast, research on other auxiliary subunits is still in its infancy. However, many exciting questions regarding the role of TARPs have not been addressed yet. For example, whilst their involvement in synaptic long-term plasticity is well documented, it is not clear whether they also play a role for homeo- static plasticity. The latter is a form of neuronal modulation that consists of either an upregulation or downregulation of receptor number in multiple synapses of a cell in response to longer lasting changes balancing between excitatory and inhibitory inputs received by that cell [94] [95] [96] . Little is known about an involvement of auxiliary subunits in homeostatic plasticity. To address this question, it would be important to know if the expression or function of auxiliary subunits is regulated in an activity-dependent fashion. For example, does long-lasting overactivation of neurons lead to a compensatory downregulation of auxiliary subunits, and as a consequence to a reduction in the number of AMPA receptors on the cell surface and in synapses?
The function of TARPs and to some extent of other auxiliary subunits has been investigated and is fairly well understood on the single cell level. What role do auxiliary subunits play for the function of neuronal networks? For example, one might surmise that the genetic deletion of CK-AMP44 and TARP γ-8 differentially alter network activity of the dentate gyrus, considering their opposing influence on synaptic short-term plasticity. Finally, little is known about the functional role of auxiliary subunits in the intact brain, i.e., for behavior, learning, memory etc. The consequences of the functional loss of TARP γ-2 in stargazer mice have been described above (epileptic seizures, dyskinesia, and ataxia). Detailed behavioral analyses for other auxiliary subunits have not been performed yet. In this context, it is worth mentioning that genetic analyses (linkage analyses) suggested that TARP γ-2 and 3 might be implicated in diseases of the central nervous system such as familial epilepsy, schizophrenia, and bipolar disorders [97] [98] [99] [100] [101] 
